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rnTRODUCTION 
e question as to whether crude oil contains elemental or free 
s fur has never een definitely settled, although there are many 
references in the literature to the presence of elemental sulfur in 
distillates and as condensed crystals in diEtillation equipment. There 
are also many references which in icate that a sulfur-bearing crude oil 
is very likely to evolve hydrogen sulfide during distillation. nasn~ch 
as distillation is one of the basic tools in separating the components 
of petroleum, it is helpful in knowing the sulfur ccntent. 
e corrosiveness of elemertal sulfu~ to automobile engine parts 
is well known, and a great de~l of care is exercised by petroleum 
refineries to minimize free sulfur in their products. Therefore, in 
doctor sueetening careful control of free sulfur addition must be 
maintained to avoid production of a corrosive gasoline. 
The polarographic method of analysis was chosen because o its 
rapidity about 2C ~inutes per sample), sensitivity and accuracy. 
Elemental sulfur was determined in ten crude oils by a polarograp ic 
metho which is believed to be accurate and to respond correctly to 
the presence of sulfur in the oil. e data obtained s 1ould prove 
very helpful in studies of the reactions of sulfur-containing crude 
oils and explain, in part at least, the evolution of hydro__,en sulfide 
in distillation. 
THEORETICAL PRINCIPLES 
Publications on polarographic analysis did not begin to appear 
in American journals until 1937, at which time the subject had already 
enjoyed 15 years of active growth in Europe and about 300 papers 
pertaining to it had been published in foreign periodicals, including 
the well known monograph by Heyrovsky, the originator of polarography. 
The first monograph in English did not make its appearance until 1941. 
The present well-established status of polarography is demonstrated by 
the numerous tapers appearing in the literature in the field of 
analytical chemistry. 
If in the presence of a reducible ion, the voltage applied to 
an electrolytic cell is gradually increased and the corresponding 
currents are measured, no appreciat~e current will flow until the 
deconposition potential of the electrolyte is reached. Until this 
potential is exceeded, no ions can be deposited and no exchange of 
electrons between the electrodes and electrolyte can take place. As 
the applied voltage is increased beyond the decomposition potential, 
2 
the current will increase rapidly and indefinitely. The current actually 
sho~s a slight rise before the decomposition potential is exceeded. 
There is no satisfactory explanation for this effect which is known as 
the residual current . 
The current finally reaches a limit because the region around the 
small electrode, which is the cathode, becomes depleted of reducible 
ions . The only way reducible ions can get into the region around this 
elec~ro e is by iffusion from the bulk of the solution. From the laws 
overning the con ::.tions of diffusion at a dropping mercury electro e 
and t e nature of the growt o the mercury drop, the IlJro ic equati n 
as been derived to express the current at any given time, t, during 
the life of a drop 9). 
i 7J6 -2
1 2/3 tl/6 = 1 m ni.croan\ ,res 
The term 706 is a com inat-iC"n of numerical constants, arising from the 
geometric characteI·sticL of the dro ping el~ctro e an tPe :ec r city 
required per mol of electrode reaction; n is the number o:' 0 lect1ons 
involved in the reaction; D the diffusion coefficient in cm2sec-1; 
C the concentration ·n millimoles per liter of electroactive material; 
and m t ·e weight of mercury in rrri.l, igrams flowing from the capillary 
per s ccnd. 
If one lect~)de, the anode, is made large in area and the 
3 
current flowing through t e lectrolytic eel is very s 1, polarization 
at tr.is elec ro e will be neg igib e. e anode potential will r main 
constant, and th ano•e can be used as a refprence electro e. If t e 
o her lectrode, the cathode, is ma every sma 1, the polfrization of 
this el ctrode. would approach a maximum and variations in the e.m.f. of 
the cell would be due almost entirely to clange~ in the pote~~ial of 
this electrode. Consequently, the microelectrode, as this sma 1 electrode 
is called, can function as an indicator electrode to measurt" changes in 
potential while current is flowing. The current through the bt,lk of the 
solution is carried by the movement of ,.,.11 of the ions pre er'",, but only 
ions reducible or oxidizable at the microelectrode can undergo 
electron exchange and carry the current to the rnicroelectrode. 
A typical current-voltage curve, or polarogram, is illustrated 
in Figure 1 . The midpoint of the curve represents the characteristic 
potential of the particular oxidation-reduction system it represents.k 
The half-wave potential, designated by Ei, is defined as the 
2 
potential of the microelectrode at the midpoint of the polarographic 
wave with respect to a standard reference electrode-that is, when one 
half of all the oxidant which reaches the electrode du.ring a finite 
time is reduced to the corresponding reductant. Being independent 
of the concentration of electroactive material, half-wave potentials 
can sometimes serve for the qualitative identification of an unknown 
material . This is seldom done, since the close proximity of the many 
different half-wave potentials precludes any identification unless the 














Cathodic Polarogr am 
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Current-voltage curves obtained with the dropping mercury 
electrode are frequently c·storted by maxima unless measures are taken 
to prevent their occurrence . These maxima vary in shape from sharp 
peaks to rounded humps, which gradually decrease to the normal 
diffusion current plateau as the applied potential is increased. A 
rigid explanation of maxima is la~king, although some investigators 
beli ve the stirring effect of the growing drop to be responsible; 
others believe it due to adsorption of electroactive maten.a.t on the 
electrode surface. Maxima can usual y be suppressed y SQrface 
active agents such as dye ions or co loids$ 




Simple Circuit of Polarography 
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t conRists cf an accurate slide wire throagh which t,1e steady current 
passes . The potential drop across the slide wire is adju ted to a.n 
desired value whic~1 is read on the voltmeter, v, by inserting one, two , 
or three ry cells in series and regul~ting t e volta6e by means of a 
series resistance, • The sliie wire contact is moved to vary the 
voltage ap lied to thP two electrodes. At each Vr"\ltage setting t e 
current passing t' rough the electro tic cell C is measure by a sui ta' e 
ga v nm ter, G, (19). 
A thought ere are many t .es of in icator e ectro es t1at can 
be used in polarographic an ly-sis, the one most widely use is the 
dropping mercury electrode . This electrode has these a.dvantages: 
(a) ts surface arec:. is repro ucible; 'u) tl1e electro e surface is 
smoo l.h an continua. ly being renewed; ( c) mercury amalgamates wit' many 
metals and thereby lowers t,eir decomposition potential; d) tydrogen 
overvoltage is '·.ighest on mercury, enabling wor · to d,.,ne a ... c.._1lite 
high .. alue of -pplied voltages witbout interfe.1ence from the evolu ion 
of hydrogen; an e) the current assumes a steady value and is 
reprod1 i le 9) . 
For a more comp ete rep0rt on theory see Lingan 11 , 12, :', 1.L., 15), 
K~lthoff 6, 7, 8, 9, 10), ler (16, 17), and Danie s ). 
Organic ~olarograp y 
Although sulfur is inorganic in nature, crude oi ma~· be 
considere as being organh:; trerefore, the eei1eral c11aracter' sties of 
or0 a ic co:npounds will he consi ered h e. 
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In studies of the reduction of organic compounds it is desirable 
to work with buffer solutions. Frequeatly the pH of the medium has a 
great effect upon the hrlf- wave potential since hydrogen ions often 
participate in the electrode reaction. Consequently, in an unbuffered 
solution the pH at the electrode surface changes considerably and this 
causes the waves to be drawn out or sometimes the appearance of 
two waves (6). 
The effect of the medium upon the half-wave potential is a very 
important one. The insolubility of organic compounds in water makes it 
necessary that their reduction and oxidation be studied in organic 
solvents. A mixture of methanol and benzene is fairly suitable since 
this combination not only dissolves many water-insoluble organic 
substances and some inorganic salts but also has a reasonable resistance 
(6). 
There is still another effect which has to be considered when 
dealing with irreversible reductions. Frequently, the half-wave 
potentials are shifted to more positive potentials and the wave height 
is decreased by the addition of multivalent cations. The shift of 
half-wave potentials to more negative values with an increase in pH 
in acid solution sometimes can be interpreted as a direct reaction of 
the compound with a proton to form an intermediate ion which is more 
easily reduced (6). 
Elemental Sulfur 
According to Proske (18) elemental sulfur produces a cathodic 
9 
wave at -0.?v. vs . the saturated ca omel electrode in a me ium composed 
m~inly of pyridine with sodium acetate and acetic acid as supporting 
ele~trolyte . ThP electrode reaction is the reduction of elemental 
sulfur to hydrogen s1lfide: 
Using xylose as a maximum suppressor Prosk found that the diffusion 
current is ci ·rectly proportional to the sulfur concentratjon up to 
at least seven millimolar, and he a~plied the wave to t~e determiration 
of fr~e Slllfur in rubber after pyridine extraction. 
Hall (l1) indepen ently studied the polarograrhic reduction of 
free sulfur in a solvent composed mainly of methanol buffered to an 
ap1arent pH of 6 -1ith pyridine and pyridinium hydrochloride (90 ml. 
methanol, 9.5 ml. of pyridine, and o.5 ml. of concentrated hydrochloric 
acid). In this medium the half-wave potential is -0.5v. vs. tte aqueous 
saturate calonel electr,>de. 
H states (5): 
The effect of pH on t e reductio1 o-1" ele~e ta sulf rare 
rro'1ounced 1:1nd the use of bu_-l"fered solutions for the analysi 
of el mental sulfur is necessary. A pH of about 5 or 6 has 
been found to be satisfactory. The hig er t1e r,H of the 
medium, the more negative the half-wa.ve potentjal becorJes, 
anl in neutral and basic solutions the reduct.ion wave for 
sulf r is not satisfactory f1r quantitative measuremento 
This effect of pH is illustrated in Figure 3 of tris paper as 
was taken from Hall (5). It can readily be seen that on increasing the 
p distorts the wave an also makes it more nee;ative . 
Di ... 'uenyl disulfide can interfere in the analysis of elemental 
10 
sulf~r since it reduces at about the same voltage as sulfur. The 
reduction waves of sulfur and diphenyl disulfide can be separated by 
using a basic medium, but the sulfur wave obtained is not very 
e t·sf0 ctory for qua.ntitative analysis (.5). Gerber (3) suggested 
that the combined diffusion current be obtained for sulfur and diphenyl 
disulfide, that the sulfur be removed with mercury, that the remaining 
current be measured, and that the sulfur be determined from the 
difference in the two diffusion current values. 
In the preparation of this paper the limitations encountered 
were limited time and a suitable storage plac for the crude oil 
samples. On standing at room temperature, crude oil sours and sulfur 
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EXPERJl'IENTAL 
Apparatus and Reagents 
In polarographic determination of elemental sulfur in crude oils, 
the analyst is hat~pered by the low solubility of the crude oil in the 
supporting electrolyte. Hall ' s procedure (4) specifies a supporting 
electrolyte consisting of 90% methanol, 9.5% pyridine, and 0.5% 
concentrated hydrochloric acid . This composition wa.s tried and was 
found to be an unsatisfactory solvent for crude oils. Carbon tetrachloride 
and dioxane were also tried and found to be unsatisfactory. The 
electrolyte tried and finally found to be satisfactory was that used 
by Eccleston (2), consisting of 63 . 0% benzene, 27.0% methanol, 9.5% 
pyridine, and 0.5% concentrated hydrochloric cid. 
For the work done here, a Sargent .iodel XII polarograph was 
used with a dropping mercury el ectrode . A mercury-pool cell was used 
in the initial work, and the results were fairly satisfactory; however, 
there was evidence of blackening of the mercury surface. Therefore, 
the conventional H- type cell was used in conjunction with the saturated 
calomel half- cell. The calomel half- cell was the usual saturated 
calomel electrode, with the exception the O. lN lithium chloride was 
used as the electrolyte and in the preparation of the agar plug. 
Reagent grade chemicals were used in the preparation of the 
electrolyte solvent . Weighed amounts of powdered monoclinic sulfur 
dissolved in the elect rolyte were used as the standard solutions . The 
monoclinic f orm was found to dissolve better than the rhombic . 
The Fisher Titrimeter was used to measure the pH of the 
el ctrolyte which was found to be 6.7. The pH of the individual 
crude oil samples was not measured each time because they were 
buffered to a pH of about 7. 
Procedure 
13 
For the unknown solutions, 3% solutions of crude oil were used, 
being diluted in 50 milliliter volumetric flasks. The amount used 
in the cell was 20 milliliters . Nitrogen was bubbled through the 
solution for 10 minutes and two trials were run on each sample, with 
fresh solutions being used in each case . The polarogram was obtained 
by using a span of -1 . 2 volts with a damping factor of 20 . With high 
concentrations of elemental sulfur present, the capillary tends to 
become fouled and clogged up. This difficulty can be overcome by 
dipping the capillary in concentrated nitric acid for 2 or 3 minutes 
between each test run. It is then washed thoroughly with distilled 
water and stored in a test tube containing alcohol. 
Several points in the procedure require careful attention. The 
elemental sulfur content of samples decreases markedly with time in 
solution of the electrolyte solvent o Any handling of the oil, therefore, 
must be done so as to reduce the time of contact to a minimurn. Dissolved 
oxygen needs to be r emoved completely or it will interfere with the 
polarogram. 
element 
Data and Results 
Calibration curves of diffusion current vs. concentration of 
sulfur were determined with the H-type polarographic cell. 
14 
A con nt tion of 53 parts per million of sulfur was used in the 
determ·na Lon of the calibration. The sulfur was dissolved in the 
elect olyte-solvent and then a polarogram was obtained using a span 
e.m.f. of -1.2 volts with a dampiLg factor of 2n. This curve is shown 
in h. The diffusion current from this curve was then plotted 
aga· st the concentration. As was mentioned before, concentration is 
dir ctly proportional to diffusion current. This plot is uhown in 
Figu.r r. The half-wave potential of the sulfur curve was measured 
to be -o.65 volts. 
The concentration of sulfur measured decreased after the 
electrolyte-solvent had been in contact with the sulfur for one hour. 
After thr e days there was no indication of elemental sulfur present. 
The description of the crude oil samples is given in Table I. 
The polarogram of the electrolyte-solvent is shown in Figure 6. 
The ch r·cteristic curves of the crude oil samples are given in 
Figur s 7 thru 16. There seem to be three types of polarograms: 
(a) finite rise in current after the sulfur wave had leveled off; 
(b) n unidentified wave at approximately -0.35 volts; and (c) a drop 
in cur nt after the sulfur wave had leveled off. In the first type, 
the rL;e in current is believed to be due to the diphenyl disulfide 
15 
wave; however, this is stated without proof as the wave was not further 
investigated . The drop of current in the second type was also 
characteristic of the known standard . It was at first believed to 
have been due to a basic medium but upon measurement of the pH, this 
was not the case . Hall (4) also reports the unidentified wave 
produced in the third type and this was not investigated either. Only 
one sample, Law Lansing Pool, showed no indication of sulfur. 
A correlation between sulfur content and type of formation was 
anticipated but none was found whatsoever, as can be seen from Table II. 
The results are in good agreement except for those of the Happy Pool 
(Ninemire #1) . The reason for this change in concentration is not 
known. 
The current and voltage for each sample are given in Tables III 
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FIGURE 4 
Polarogram of Known Elemental Sulfur 






sulfur concentration in parts pr million 
FIG . 'E 5 
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minus voltar,e in volts 
FIGURE 7 
Polarogram of Elemental Sulfur 
from the Irvin Pool 
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• 1.0 
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FIGURE 8 
Polarorram of Elemental Sulfur 
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FIGURE 9 
Polarogram of Elemental Sulfur 
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FIGURE 10 
Polarogram of Elemental Sulfur 
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FIGURE 11 
Polarogram of Elemental Sulfur 
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FIGURE 12 
Pol arogr am of Elemental Sulfur 
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FIGURE 13 
Polarogram of Elemental Sulfur 
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FIGURE 11 
Polarogram of Elemental Sulfur 
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FIGURE 1.5 
Polarogr am of Elemental Sulfur 
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FIGU:IB 16 
Polarogram of Elemental Sulfur 













SULFUR CONCENTRATION, HALF WA VE 
POTENTIAL AND DIFFUSION CURRENT 
Sulfur (p.p.m.) Ef (v) 
Electrolyte Crude Oil ----
8.2 273.0 -0.60 
8.o 266.4 . c-2 
2.6 86.6 .65 
16.8 559-4 .65 
14.o 466.2 .61 
13.7 455.2 .65 12. '") ho9 .6 .64 12.~ 419.6 .66 
20.9 696.0 .66 
20.4 679.J .60 
8.9 296.4 .64 
9.0 299. • .63 
7-3 24).1 .61 
6.8 226.4 .64 
0 0 0 
0 0 0 
29.4 919.0 .61 
29.8 992.3 .63 
6.o 199.8 .60 
11.0 396.3 .64 
30 























CURRENT VOLTAGE RELATIONSHIPS 
-E (v. ) i yt a) Irwin Ninemire Stewart Brock Harris #2 
0 0 0 0 0 0 
. 075 - 5. oo -6.oo -4. 00 -. 80 -2.00 
.150 1.75 4. 00 1.60 1.20 1.20 
. 225 0 1. 80 . 40 • 20 . 30 
. JOO 0 0 • 20 . 07 0 
. 375 +.10 +. 30 0 0 0 
. 450 . 15 . 60 +. 01 +.01 +1.10 
.525 . 30 1.70 . 14 .9.5 1.50 
. 600 . 40 2. 30 1.60 2.00 1.60 
. 675 . 64 3. 90 2. so 2. 50 3. 50 
. 750 1.10 4. 10 4. 20 3.00 5. 60 
. 825 1.50 4. 20 5. 45 3. 75 6. 00 
. 900 2.00 4. 30 5. 50 4. 00 8. 15 
. 975 2. 60 s . oo 5. 60 4. 15 8. 00 
1.05 2. 62 6. 00 5. 60 4. 20 7. 50 
1.125 2. 64 7. 00 5. 55 4. 50 5. oo 
1.200 J . 80 9.00 4.15 5.00 3. 20 
1.275 5 . 00 10. 10 J.20 6. 00 2.05 
1.350 5. 80 11. )-1-5 2. 00 7. 00 1.15 
1.425 6. 00 12. 00 1.55 8. 00 1.00 
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For the polarographic analysis of elemental sulfur in crude 
oil a mixture of benzene, methanol, pyridine and concentrated 
hydrochloric acid proved to be a satisfactory electrolyte-solvent. 
The pH of the solvent is not too critical as long as it is less 
than 7. Buffers should be used since the half-v1ave potential shifts 
with pH. Diphenyl disulfide will interfere i~ the analysis of 
elemental sulfur since the two substances have approximately the same 
half-wave potentials in acid media. 
The data presented confirm the presence of elemental sulfur 
in some Central Kansas crude oils. The samples were taken as near 
as conveniently possible to their source in the earth, but the 
possibility of change in elemental sulfur content between wellhead 
and bottom hole has not been investigated The data also demonstrate 
that the polarographic method for elemental sulfur can be applied 
satisfactorily to Kansas crude oil . However, some precautions must 
be taken, mainly: (a) analyzing the crude oil as soon as possible 
after it comes into contact with the electrolyte; (b) efficient 
sweeping of dissolved oxygen; (c) pH value and presence of a buffer; 
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